Introduction: This study aimed to determine if disposable filtering facepiece respirators
INTRODUCTION
Air pollution, and specifically particulate matter (PM), is established as a major cause of cardiorespiratory morbidity and mortality. (1) In Southeast Asia, transboundary smoke haze episodes have been a recurrent cause of air pollution. Due to poorly controlled biomass and peat burning in parts of Indonesia, the increase in airborne PM can be a significant cause of air pollution, especially during the months of August to December. (2) During these haze periods, PM2.5 and PM10 concentrations can be significantly elevated. (3) This can translate into an increase in sickness absenteeism for haze-related conditions. (4, 5) During haze periods, the local health authorities in Singapore issue health advisories recommending the postponement or reduction of non-essential outdoor activities as well as the use of filtering facepiece respirators (FFRs) for personnel doing essential outdoor duties depending on the level of air pollution. (6) Respiratory protection can be achieved via engineering and administrative controls, as well as through the use of personal protective equipment (PPE), such as disposable FFRs, to reduce personal exposure; this is especially important for outdoor workers. Among FFRs, the N95 FFRs are most commonly recommended and widely used. (7) However, the protective value of PPE has to be weighed against the physiological and psychological burden it imposes on the user. Respirators have been shown to provide beneficial cardiovascular effects through reducing exposure to particulate air pollution, (8) but they can also have physiological and psychological effects. After one hour of FFR use, carbon dioxide (CO2) levels, temperature and humidity can be significantly elevated in the dead space within the FFR even as oxygen levels are lowered to levels below ambient workplace standards. (9, 10) Discomfort and exertion has been shown to increase over time with continual respirator use. (11) To address this issue, an exhalation valve (EV) has been introduced into various FFR models to help dissipate heat, humidity and CO2 that accumulate within the dead space.
Review of the existing literature showed that EVs may decrease exhalation resistance and improve dead space heat dissipation, but there is little effect on dead space humidity or other physiological variables. (12) Recently, a novel active venting system (AVS) has been developed that includes a lightweight battery-operated fan to further improve ventilation of the dead space. However, research on the impact of AVS is limited at present, and to the best of our knowledge, there is currently no published study on FFRs with EV+AVS. As comfort and exertion can impact compliance with FFR usage, further research into the usage of FFR with AVS+EV is warranted.
In this study, we assessed self-reported discomfort, exertion and symptoms of wearing FFRs with and without EV and FFR with EV+AVS using a crossover trial methodology among military personnel who needed to be provided with suitable PPEs while performing essential outdoor duties. We also aimed to determine whether FFR with EV and/or FFR with EV+AVS provided better-perceived comfort and user tolerance on extended periods of use, as might be necessitated during long-lasting air pollution events.
METHODS
This study was performed in the Singapore Armed Forces (SAF) among 120 healthy military personnel in November 2015. Informed verbal consent was taken from all participants and study participation was voluntary. The study was approved as part of an operational test and evaluation project by the Joint Medical Committee 01/16 under institutional research guidelines.
The inclusion criteria were personnel serving on active duty with a unit and assigned to perform essential guard duties. Personnel were excluded if they had cough, fever, respiratory symptoms, any intercurrent illnesses or receiving any regular medications at the time of the study, or if they had asthma, heart or other lung diseases. Fig. 1b) ];
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The AVS comprised a one-way valve (i.e. EV), a blower and a battery in a lightweight housing unit (AVS weight, 19 g) that could be attached to the FFR with negligible deformation of the filter. The blower vented air from the FFR and was powered by a rechargeable battery. In computational fluid dynamics models, the AVS has been shown to potentially reduce the CO2 levels within the dead space of the FFR to near-ambient levels. (13) We used a randomised open label controlled crossover study design to compare perceived user comfort and tolerance of the three FFR options: (a) standard FFR; (b) FFR with EV; and (c) FFR with EV+AVS ( Fig. 2) . Participants participated in the study on three days, with a washout period of 24 hours between each study day. They were randomised to wear the standard FFR, FFR with EV or FFR with EV+AVS on either of the three days, such that the day on which they wore each option was assigned based on a random number generator. Participants were asked to complete a symptom questionnaire at the beginning of each study day, after two hours of standardised non-strenuous outdoor activity on the study day and at the end of the study day.
Participants were involved in guard duty at various military camps/installations, for a total of 12 hours that was divided into two-hour work-rest cycles (i.e. two hours of guard duty followed by two hours of rest indoors, followed by successive work-rest cycles). During guard duty, men performed prowling duty at a regular slow walk around a standardised circuit with weapons and wearing the FFR; during rest, they rested in air-conditioned accommodation without wearing the FFR. Batteries of the AVS were recharged during the participants' rest periods. The protocol selected was based on the usual protocols in the SAF for personnel performing guard duty, which is considered a non-strenuous, essential outdoor duty.
The study questionnaire was completed at three timepoints -at the start of guard duty (baseline), after the first two-hour duty stint and at the end of the 12-hour duty stint.
Participants were asked to rate, on a Likert scale of 1-5 (1: completely disagree; 5:
completely agree), whether they experienced the following symptoms while wearing the various FFRs: headache; giddiness; tiredness; difficulty breathing; difficulty walking; sensation of warmth within the mask; sweating within the mask; itchiness within the mask;
and uncomfortable tightness around the mask seal. Participants were also asked to indicate the degree of discomfort and exertion experienced when wearing the mask using the fivepoint Likert scale. The questionnaire was modified from similar questionnaires that were used to evaluate user-perceived discomfort during FFR use, (9) with minor modifications made after a pilot study was conducted to evaluate user feedback and perceptions of the FFR options (n = 5). Participants were instructed to don the FFR at all times when performing duties outdoors and did not wear them when resting indoors.
The calculation of sample size depended on a presumed probability distribution of the comfort level of various FFR options. In view of our assumptions on the probability distribution of the comfort level, and power = 0.80 and  = 0.05, it was ascertained that a sample size of at least 115 participants would be needed in each group to detect a significant difference. The final sample size was rounded up to 120 participants for this study.
To describe the trend of perceived user discomfort and tolerance of the three FFR options, the distribution of Likert scores was calculated at various timepoints. We developed a multivariate ordered probit mixed-effects model to determine the impact of various FFR options on symptom severity, and exertion and comfort levels. The model was a type of mixed-effect generalised linear model that was designed for ordinal repeated measurements. (14, 15) The outcome variable was the repeated measurements of perceived symptoms, exertion and comfort scores, and predictors were FFR options, sampling periods (at baseline, after two hours and after 12 hours), interaction between sampling periods and FFR options, and smoking status. Nonsignificant demographic variables, such as age and ethnicity, were excluded from the multivariate model at a significance level of p < 0.05.
Specifically, the distribution of response scores in the model was:
where yij is the jth observed response score for individual i, zij is the latent variable that represents the observed response score on the normal distribution bounded by the ordered thresholds k determining observations, ij is the mean of the latent variable, Xij is the covariates matrix (consisting of types of masks, timepoints, interaction between timepoints, and types of masks and smoking) and i is the random effect term for each individual.
Model parameters were estimated using Markov Chain Monte Carlo method, with 50,000 iterations and a thin of five after a burn-in period of 1,000 iterations. Trace plots and
Geweke's convergence diagnostic were used to assess the convergence of the model. (16) Statistical analysis was performed using rjags extension in R version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria). (17, 18) 
RESULTS
In total, 114 of 120 military personnel recruited completed the study (participation rate = 95.0%). Six individuals were excluded from the final analysis because of incomplete data.
Demographic characteristics of study participants are shown in Table I . All participants were male, aged 18-20 years and had no medical comorbidities. About one-third (32.5%) of our participants were current smokers and two-thirds (65.8%) were of Chinese ethnicity. User compliance with the mask was extremely good, with a majority (n = 112; 98.2%) of individuals wearing the mask for the full-stipulated duration of the study. The estimated percentages of participants having lower scores (i.e. less symptoms, discomfort or exertion) when compared against the reference group are presented in Table II and Fig. 3 . The posterior means of regression coefficients with 95% credible intervals (CrIs) are shown in Table III . Ever-smokers tended to have more breathing problems (posterior mean 1.92; 95% CrI 0.11-3.81). 83.5% of participants using FFR with EV+AVS and 34.4%
of participants using FFR with EV had significantly less exertion when compared to participants using FFR alone. Among participants using FFR with EV+AVS, 53.4% had significantly less exertion when compared to participants using FFR with EV. 
DISCUSSION
This study aimed to assess the user discomfort and exertion after wearing different FFRs during the performance of outdoor essential duties. FFR with EV performed significantly better than standard FFR in terms of reducing user-perceived symptoms, discomfort and exertion. This supported the evidence presented in the existing literature, (12) where the physical benefits of incorporating EV into FFR (e.g. decreased exhalation resistance, improved dead space heat dissipation) were translated into actual improvements in userperceived comfort.
Notably, to the best of our knowledge, this is the first trial of FFRs incorporating AVS, which is a new additional feature in FFRs that were already using EVs. As the various included the open-air burning of refuse, which can negatively affect the cardiorespiratory health of personnel. (19, 20) In addition, deployment in areas with high levels of air pollution at baseline can also impair the cardiorespiratory performance of personnel. (21) While respiratory protection can also be achieved via engineering and administrative controls, this may not be always possible. Thus, the usage of appropriate FFRs as PPE is important to protect personnel from the effects of particulates, either from occupational exposure or due to deployment to areas with significant air pollution.
The improved comfort following modifications to the standard FFR could potentially encourage better compliance with PPE usage and enable better task performance without distractions due to reduced comfort or increased exertion. In a study of healthcare workers required to wear FFRs for two 12-hour shifts, almost a quarter of the respirator removals were reportedly due to experienced discomfort while wearing them. (22) Another study found that workers were interested in FFRs that interfered less with breathing and reduced the build-up of heat. (23) Our findings that the incorporation of an AVS into the FFR resulted in the reduction of symptoms, exertion and discomfort may prompt improved compliance with PPE among workers who are required to use FFRs for prolonged periods. At present, however, it is not known if FFRs with EV with or without AVS can be used for infection control in the healthcare setting, especially since AVS is not meant to be disposable and disinfection after healthcare procedures would pose a challenge. Future studies should look into the use of these technologies for infection control and protection.
Our study had some limitations, which included the fact that participants were not blinded to the type of FFR they were using at each point in time. It was also not possible to blind them on the presence or absence of EV and AVS on FFRs given that these were integral components of the mask. Next, only user-perceived discomfort, exertion and symptoms were measured in conjunction with the use of FFRs, and physiological measurements, such as heart rate and blood pressure, were not taken. Then, our trial was conducted when air quality was not severe enough to warrant the use of FFR. That notwithstanding, it can be safely assumed that results would be similar for the use of FFR during air pollution events. Finally, the study was conducted among young men. In Singapore, national service is compulsory, and for this reason, our participants can be taken to reflect the general local population in this particular demographic segment. Among older people, on the other hand, we could expect perceived symptoms to be greater and hence improvement in symptoms with the use of FFR with EV+AVS to be potentially greater as well.
In conclusion, usage of FFR with EV+AVS resulted in significant reduction of perceived discomfort, exertion and most symptoms when compared to that of FFR with EV and standard FFR. FFR with EV fared significantly better in terms of perceived discomfort, exertion and most symptoms when compared to standard FFR. Further trials are necessary to determine whether these perceived improvements correspond to objectively measurable physiological benefits and improvements in compliance with FFR usage, especially among military personnel and healthcare workers who may need to use FFRs for prolonged periods of time and for essential duties. 
